Abstract
Introduction
Scheduling theory is a well-established branch of operations research, and has produced a wealth of theory * Supported by the European Community Project IST-2001- 35304 AMETIST (Advanced Methods for Timed Systems), http://ametist.cs.utwente.nl/.
and techniques that can be used to solve many practical problems, such as real-time problems in operating systems, distributed systems, process control, etc. [11, 12] . Despite this success, alternative and complementary approaches to schedule synthesis based on reachability analysis of timed automata have been proposed in the last few years [1, 2, 6] . The main motivation of this previous work is the observation that many scheduling problems can very naturally be modelled with timed automata. Furthermore, the expressivity of timed automata renders the models robust against changes in parameter settings and small changes in the problem specification. It has been shown that this approach is not necessarily inferior to other methods developed during the last three decades [2] . The case study presented in this paper is one of the four industrial case studies of the European IST project AMETIST, which focusses on the application of advanced formal methods for the modelling and analysis of complex distributed real-time systems with dynamic resource allocation as one of its special topics. The application of timed reachability analysis to this problem is one of the main subjects of the project. Technical material related to this case study, and different approaches to its solution can be retrieved from the AMETIST website [4] .
The remainder of this paper is organized as follows. The principles of the derivation of schedules by reachability analysis are sketched in Section 2. Section 3 contains a description of the case study. Modelling issues and the use of heuristics are discussed in Sections 4 and 5. An extension of the case study deals with a cost-optimization problem rather than a feasibility problem and is presented in Section 6. The results of our model-checking experiments are collected and discussed in Section 7. Section 8 evaluates the model checking approach to the case study and concludes the paper.
Scheduling With Timed Automata
The synthesis of schedules using timed automata can be seen as a special case of control synthesis [10] , and was first introduced by [6] , and by [2] . In general, a model class that provides the possibility to represent system events as well as timing information is suitable for real-time control synthesis. In this paper, the timed automata of Alur and Dill are used for modelling [3] . These timed automata extend the traditional model of finite automata with real-valued clock variables whose values increase with the rate of the progress of time. Clock variables can be reset to zero and they can be used in guards for discrete transitions as well as in guards for the elapse of time (this is used to ensure progress). In general, timed automata models have an infinite state space. The region automaton construction, however, shows that this infinite state space can be mapped to an automaton with a finite number of equivalence classes (regions) as states [3] . Finite-state model checking techniques can then be applied to the reduced, finite region automaton. A number of model checkers for timed automata is available, for instance, KRONOS [13] and UPPAAL [8] .
Schedule synthesis using timed automata works as follows. First, a model of the unscheduled system is constructed. In our case, this model consists of the parallel composition of a number of timed automata (each automaton models one specific job). The non-determinism that is present in the parallel composition reflects the open scheduling choices. Second, feasibility is formulated as a reachability property, for instance, "It is possible that the production is finished by Friday evening". Third, the model checker exhaustively searches the reachable state space in order to check whether the property holds. If this is the case, then the model checker can provide a trace that proves the property. In our example, this is a trace from the initial state to a state in which the production is finished and it is not later than Friday evening. The information contained in such a trace suffices to extract a feasible schedule, which is the final step of our approach.
The advantage of this approach is its (modelling) robustness against changes in the parameter settings and small changes in the problem specification. The disadvantage lies in the well-known state space explosion problem: the reachable state space is far too large to handle within a practical amount of time for many interesting cases. The approach that is used in this paper is to add heuristics and features of schedules that reduce the reachable state space to a size that can be searched more easily. We argue that these heuristics are quite general and applicable in many cases.
Description of the Case Study
The case study deals with of a problem that is almost a job-shop problem [11] , extended by parallel use of resources and additional timing restrictions between processing steps. Lacquers can be produced according to one of three recipes, for the lacquer types uni, metallic or bronce. A recipe specifies the processing steps, the resources needed for a processing step, processing time, and timing constraints between processing steps. See Figure 1 for a graphical description of the recipes. There is a restricted amount of resources available, such as mixing vessels, dose spinners, filling lines, etc. The problem is to schedule a number of lacquer orders. Each order is specified by a lacquer type (i.e. recipe to use), earliest starting time, and a due date.
As mentioned above, the problem has a lot in common with job-shop scheduling. The main differences are (i) there are additional timing restrictions between production steps (e.g., there must be at most 4 hours between the end of the first production step and the start of the second production step for uni lacquers), and (ii) an order must use resources in parallel (every lacquer needs a mixing vessel during its production in parallel with other resources).
There are two additional features of the case study that need explanation. First, an availability factor is associated with every resource. This factor models the fraction of the time that a resource is available due to the working hours of the personnel. E.g., if a resource is operated by personnel that works in two 8 hour shifts from Monday 6 am to Friday 10 pm (i.e., 16×5 hours per week), then the availability factor of that resource equals 80 168 . This availablility factor is used to take the working hours constraints into account by extending the processing times: if a processing step needs processing time pt and the resource needed has an availability factor af, then the processing time is extended to pt af , for the example above that would be pt * 168 80 . The use of the availability factor is intended for approximation in longterm scheduling, i.e. the question how many orders can be done within the next half year. For daily scheduling the actual working hours have to be modelled, which is subject to an extension of the case. Second, a performance factor is associated with every resource. This factor models the fraction of the time that a resource is unavailable due to breakdowns or maintenance. The performance factor is used in the same way as the availability factor to extend the processing times.
Note that both, availability factors and performance factors are given by the case study provider, as well as the mechanism to extend processing times. The question to what extent this approach is reasonable goes beyond this paper, but is treated in further work. For the moment we accept the conditions given to us and want to investigate whether we can compete with the method and tools of the case study provider.
Three different versions of the case study have been examined:
Basic case study. The performance factors are left out, but the availability factors are considered. Various instances (with 29 jobs, 72 jobs and 219 jobs) have been analyzed to check scalability of the approach.
Extended case study. The performance factors are left out. Storage and delay costs are added to quantify the feasability of schedules. There are two instances: a version with the availability factors and a version in which the availability factors are replaced by an exact model of the working hours constraint. Furthermore, the model of some resources has been made more exact (for instance to model setup times between processing steps).
Stochastic case study. This case study concerns the performance factors and has been addressed in a seperate paper ( [5]), which is very briefly discussed in Section 6.
Section 4 explains the modelling with timed automata of the basic and extended case study, and Section 5 presents some experimental results for these versions. As mentioned above, Section 6 summarizes previous work concerning the stochastic case study.
Modelling

Information Transfer from Industry
A substantial amount of the time spent on the case study went into the modelling activities. The most difficult part here was the information transfer from the industrial partner to the academic partners. In the first place, there was a language problem regarding the domain specific interpretation of terminology. For this purpose we compiled an initial dictionary in which relevant terms used are explained in natural language. This dictionary served as an agreement with the industrial partner on the main, basic facts. Additionally, there was a documentation problem, regarding the (implicit) knowledge that always exists beyond any written specification. This problem remained even after agreeing on the dictionary. This suggests that, beyond a dictionary, additional validation of the basic facts would be desirable.
Another difficulty was caused by the format that the industrial partner used for the recipies, which was neither standard, nor intuitive. A better (from the computer science perspective, at least) representation had to be devised, resulting in Figure 1 . This new notation also helped to detect other gaps in the case description.
Finally, the industrial partner Axxom is not working on lacquer production, but develops tools for value chain management. The case description they provided is to some extent the description of their own model of the original case.
